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Abstract 


Recent  rapid  improvements  of  micro/nanofabrication  techniques  have  allowed  us  to  prepare 
patterned  surfaces  with  controlled  topographic  structures.  In  this  report,  three  kinds  of  patterned 
surfaces,  i.e.,  square,  triangle  and  circle  post  array  surfaces,  have  been  prepared  on  silicon  wafers. 
On  such  surfaces,  for  the  same  roughness  or  solid-liquid  contact  fraction  value,  different  surface 
textures  can  exhibit  completely  different  wetting  behaviour.  Effects  of  various  microgeometrical 
parameters,  such  as  length  scale  effect,  edge/comer  pinning  effect,  geometrical  shape  effect, 
direction-dependent  effect,  etc.,  on  wetting  have  been  investigated.  For  the  patterned  surfaces 
with  fixed  solid  area  fraction,  a  smaller  microgeometrical  length  scale  can  induce  a  smaller 
advancing  contact  angle  and  a  larger  receding  contact  angle,  when  it  is  compared  to  a  larger 
microgeometrical  length  scale.  Competing  factors  such  as  solid  area  fraction  and  solid  linear 
fraction  are  found  to  be  responsible  for  such  effects.  Moreover,  it  is  also  revealed  that  there  is  a 
strong  dependence  of  directions  for  surface  wettability  on  the  patterned  surfaces.  Different 
edge/comer  pinning  effects,  including  the  pinning  length  and  pinning  point  density,  in  various 
directions  are  suggested  to  be  taken  into  consideration  for  affecting  the  surface  wetting  behaviour. 


Resume 


Les  progres  rapides  qu’ont  connus  recemment  les  techniques  de  microfabrication  et  de 
nanofabrication  nous  ont  permis  de  preparer  des  surfaces  a  motif  qui  possedent  des  structures 
topographiques  controlees.  Dans  le  cadre  des  travaux  qui  font  l’objet  du  present  rapport,  trois 
types  de  surfaces  a  motif  ont  ete  preparees  sur  des  plaquettes  de  silicium,  soit  des  surfaces  post- 
matrice  a  carres,  a  triangles  et  a  cercles.  Pour  des  surfaces  de  cette  nature  qui  presentent  une 
rugosite  identique  et  une  valeur  egale  de  la  fraction  de  contact  solide-liquide,  les  diverses  textures 
superficielles  des  surfaces  peuvent  avoir  un  comportement  au  mouillage  totalement  different.  On 
a  etudie  les  effets  de  divers  parametres  microgeometriques  sur  le  mouillage,  notamment  l’effet 
d’echelle  de  longueur,  l’effet  d’ancrage  des  bords  et  des  coins,  l’effet  de  la  forme  geometrique  et 
l’effet  qui  depend  de  l’orientation.  Dans  le  cas  des  surfaces  a  motif  qui  presentent  une  fraction 
superficielle  solide  fixe,  une  faible  echelle  de  longueur  microgeometrique  peut  se  traduire  par  un 
angle  de  contact  a  l’avancement  plus  petit  et  un  angle  de  contact  au  retrait  plus  important, 
comparativement  a  une  echelle  plus  large.  Les  resultats  indiquent  qu’un  effet  de  cette  nature  est 
attribuable  a  des  facteurs  concurrentiels  tels  que  la  fraction  superficielle  solide  et  la  fraction 
lineaire  solide.  De  plus,  ils  revelent  que  la  mouillabilite  superficielle  des  surfaces  a  motif  depend 
grandement  des  orientations  des  caracteristiques.  Les  donnees  laissent  supposer  qu’il  faut  tenir 
compte  de  differents  effets  d’ancrage  des  bords  et  des  coins,  y  compris  la  longueur  d’ancrage  et  la 
densite  des  points  d’ancrage,  dans  le  cas  de  diverses  orientations,  car  ils  pourraient  influer  le 
comportement  au  mouillage  de  la  surface. 
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Executive  summary 


Superomniphobic  Surfaces  for  Military  Applications:  Nano-  and 
Micro-Fabrication  Methods:  Chapter  1:  Lithographic 
Fabrication  of  Surfaces  with  Different  Microgeometries  and 
Investigation  of  Their  Wetting  Behaviour 

Alidad  Amirfazli;  DRDC  Atlantic  CR  2010-329;  Defence  R&D  Canada  -  Atlantic; 

January  2011 

Introduction:  The  production  of  materials  that  are  not  wetted  depends  on  having  the  surfaces 
having  low  surface  energy  and  roughness  that  reduce  the  contact  area  and  adhesion  between  the 
liquid  and  solid.  Although  materials  can  be  made  which  possess  these  qualities  their  wetting 
behaviour  is  not  always  consistent  with  liquids  becoming  pinned  on  the  surface  or  experiencing 
different  advancing  and  receding  contact  angles.  In  this  study  lithography  is  used  to  produce 
structured  surfaces  which  are  highly  controlled.  Basic  arrays  of  cylindrical,  triangular  and  square 
columns  were  fabricated  in  order  to  gain  insight  on  the  various  microgeometrical  factors  that 
affect  the  wetting  of  a  surface. 

Results:  For  the  patterned  surfaces  with  fixed  solid  area  fraction,  a  smaller  microgeometrical 
length  scale  can  induce  a  smaller  advancing  contact  angle  and  a  larger  receding  contact  angle, 
when  it  is  compared  to  a  larger  microgeometrical  length  scale.  Competing  factors  such  as  solid 
area  fraction  and  solid  linear  fraction  are  found  to  be  responsible  for  such  effects.  Moreover,  it  is 
also  revealed  that  there  is  a  strong  dependence  on  direction  for  surface  wettability  on  the 
patterned  surfaces.  Different  edge/comer  pinning  effects,  including  the  pinning  length  and 
pinning  point  density,  in  various  directions  are  suggested  to  be  taken  into  consideration  for 
affecting  the  surface  wetting  behaviour. 

Significance:  If  microtextured  lithographically  produced  surfaces  are  to  be  used  to  produce 
superhydrophobic/  superomniphobic  properties  by  a  rapid  production  method  such  as  hot 
embossing,  then  it  is  important  to  know  the  factors  that  control  the  wetting  behaviour  so  that 
materials  with  controlled  properties  can  be  prepared.  Such  materials  may  prove  to  be  beneficial 
in  the  reduction  of  contamination  of  personnel  and  equipment  by  chemical  agents,  toxic  industrial 
chemicals  and  they  may  provide  other  benefits  such  as  better  antenna  performance  and  improved 
optical  clarity  in  inclement  weather 

Future  plans:  This  work  is  part  of  a  T1F  project  investigating  super  organophobic  materials. 
The  work  on  micrcogeometrical  factors  will  be  extended  by  considering  adhesive  forces  as 
a  function  of  the  geometrical  factors  including  edge  pinning.  Wear  performance  of 
superhydrophobic  materials  is  being  considered  as  well. 
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Introduction  :  La  production  de  materiaux  non  mouilles  depend  de  certains  facteurs,  par 
exemple  le  fait  que  leurs  surfaces  doivent  presenter  une  faible  energie  superficielle  et  une  rugosite 
peu  importante,  ce  qui  reduit  l’aire  contact  et  1’ adherence  entre  le  liquide  et  le  solide.  11  est 
possible  de  fabriquer  des  materiaux  qui  possedent  ces  proprietes,  mais  leur  comportement  au 
mouillage  n’est  pas  toujours  compatible  avec  le  processus  d’ancrage  du  liquide  a  la  surface  ou  la 
variation  des  angles  de  contact  a  l’avancement  et  au  retrait.  Dans  le  cadre  de  T  etude  faisant 
l’objet  du  present  rapport,  on  a  utilise  la  lithographie  pour  produire  des  surfaces  structures  ayant 
des  proprietes  etroitement  controlees.  Des  matrices  de  base  de  colonnes  cylindriques, 
triangulaires  et  carrees  ont  ete  fabriquees  afin  d’eclaircir  la  nature  des  differents  facteurs 
microgeometriques  qui  influent  sur  le  mouillage  de  la  surface. 

Resultats  :  Dans  le  cas  des  surfaces  a  profil  ayant  une  fraction  superficielle  solide  fixe,  une  faible 
echelle  de  longueur  microgeometrique  peut  se  traduire  par  un  angle  de  contact  a  l’avancement 
plus  petit  et  un  angle  de  contact  au  retrait  plus  important,  comparativement  a  une  echelle  plus 
large.  Les  resultats  indiquent  qu’un  effet  de  cette  nature  est  attribuable  a  des  facteurs 
concurrentiels  tels  que  la  fraction  superficielle  solide  et  la  fraction  lineaire  solide.  De  plus,  ils 
revelent  que  la  mouillabilite  superficielle  des  surfaces  a  motif  depend  grandement  des 
orientations  des  caracteristiques.  Les  donnees  laissent  supposer  qu’il  faut  tenir  compte  de 
differents  effets  d’ancrage  des  bords  et  des  coins,  y  compris  la  longueur  d’ancrage  et  la  densite 
des  points  d’ancrage,  dans  le  cas  de  diverses  orientations,  car  ils  pourraient  influer  le 
comportement  au  mouillage  de  la  surface. 

Importance  :  Si  on  prevoit  utiliser  des  surfaces  dont  la  microtexture  est  produite  par  lithographie 
pour  obtenir  des  proprietes  superhydrophobes  ou  superomniphobes  au  moyen  d’une  methode  de 
production  rapide  comnie  celle  de  gaufrage  a  chaud,  il  est  important  de  determiner  clairement  les 
facteurs  qui  influent  sur  le  comportement  au  mouillage,  et  ce,  afm  de  preparer  des  materiaux 
possedant  des  proprietes  bien  controlees.  Des  materiaux  de  ce  type  pourraient  presenter  des 
avantages  au  chapitre  de  la  reduction  de  la  contamination  du  personnel  et  de  l’equipement  par  des 
agents  chimiques  ou  des  produits  chimiques  industriels  toxiques;  de  plus,  ils  pourraient  aussi 
permettre  d’ameliorer  la  performance  des  antennes  et  la  clarte  optique  de  dispositifs  soumis  a  des 
conditions  climatiques  rigoureuses. 

Perspectives  :  Les  travaux  faisant  l’objet  du  present  rapport  sont  executes  dans  le  cadre  d’un 
projet  du  FIT  qui  porte  sur  T  etude  de  materiaux  superorganophobes.  La  portee  des  travaux  sur  les 
facteurs  microgeometriques  sera  etendue,  notamment  en  tenant  compte  du  comportement  des 
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forces  d’adherence  en  fonction  de  certains  facteurs  geometriques,  dont  l’ancrage  des  bords.  On 
envisage  aussi  d’etudier  la  performance  a  l’usure  des  materiaux  superhydrophobes. 
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1  Overview 


This  report  covers  the  activities  done  regarding  the  TIF  project  in  year  one.  The  goals  for  the 
first  year  of  the  project  are  given  in  the  Table  1.  All  these  goals  are  met  except  fabrication  of 
hierarchical  surface  textures.  As  the  project  progressed  it  became  apparent  the  initiation  of  this 
goal  would  be  premature,  given  the  complexities  that  were  described  in  the  single  scale  surface 
texturing  (see  next  section).  Furthermore,  it  was  recognized  that  development  of  durability 
criterion  for  superhydrophobic  surfaces  is  a  challenging  task  (one  of  the  goals  of  year  two),  so  it 
was  decided  to  bring  forward  the  work  on  this  area  to  be  able  to  meet  the  overall  goal  of  the 
project  on  time  by  the  end  of  the  project  period.  Finally,  given  the  applied  aspects  of  the  project 
for  military  applications,  steps  were  taken  to  also  produce  superhydrophobic  surfaces  in  the  non- 
lithographic  way  so  they  would  not  be  limited  to  silicon  substrates  and  can  be  applied  to  a  wider 
range  of  substrates,  e.g.  textile  that  would  be  of  interest  to  the  military. 

Table  1.  The  project  goals  for  year  one. 

Fabrication  and  characterization  of  basic  surface  textures  using  lithography  techniques 
Conducting  wetting  and  liquid  shedding  experiments 

Analysis  of  the  results  in  connection  with  relation  between  surface  texture  and  SH 
properties  of  the  first  line  item  of  this  table 

Fabrication  and  characterization  of  hierarchical  surface  textures  using  lithography 
techniques 

Conducting  wetting  and  liquid  shedding  experiments 


The  progress  made  in  the  lithographic  production  of  superhydrophobic  surfaces  are  explained  in 
Chapter  1  of  this  report,  whereas  in  Chapter  2  production  of  superhydrophobic  surfaces  through 
nano-particle  route  and  initial  durability  results  are  discussed  in  the  Chapter  2  as  a  separate  report. 
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2  Introduction 


The  wetting  behaviour  of  surfaces,  the  result  of  the  interplay  between  liquid  and  surface 
chemistry  and  roughness,  is  such  an  influential  area  that  much  research  has  been  devoted  to  in  the 
past  decades.1,2  Understanding  and  controlling  the  wetting  phenomena  are  significant  in  both 
fundamental  research  and  industrial  applications.  As  is  well  known,  the  modification  of  surface 
chemistry  is  one  of  the  most  effective  ways  to  control  the  wetting  behaviour  of  surfaces.3,  4 
However,  such  surface  chemistry  modification  can  have  some  limitations,  e.g.,  the  choice  of 
chemical  species  and  their  biochemical  compatibility.5  The  effect  of  surface  roughness  or  its 
microgeometry  on  wetting  has  received  much  attention  over  the  past.6'13  Particularly,  the 
advantage  of  flexible  manipulation  of  surface  microgeometries  allows  nature  to  develop  various 
special  wetting  properties,  e.g.,  the  self  cleaning  property14,  15  of  some  plant’s  leaves16'19  and 
animal’s  wings,"  ’  the  super- floating  ability  of  water-strider,  '  the  anti-fogging  property  of 
mosquito  compound  eyes,  the  water-collection  ability  of  spider  silk"  and  desert  beetles,  '  etc. 
Moreover,  with  the  development  of  micro/nanofabrication  technologies,  various  surface 
microgeometries  preparations  have  been  proposed  to  control  the  surface  wettability.30, 31 

The  apparent  contact  angle  (CA,  the  angle  at  which  a  liquid/vapor  interface  meets  a  solid  surface) 
on  rough  surfaces  correlated  with  roughness  (r)  or  solid-liquid  contact  area  fraction  (fa)  was  well 
formulated  more  than  60  years  ago,32, 33  i.e.,  the  classical  Wenzel  and  Cassie  equations.  It  has 
been  widely  used  to  characterize  the  surface  drop  repellency,34  especially  for  superhydrophobic 
surfaces  (SHS)  studied  in  recent  years.14,  15  However,  these  equations  maybe  inadequate  to 
comprehend  another  important  SHS  property,  i.e.,  the  drop  mobility34  related  to  contact  angle 
hysteresis  (CAH,  the  difference  between  advancing  or  maximum  and  receding  or  minimum 
contact  angles),  since  r  or  fa  represents  a  composite  measure  of  all  surface  texture  parameters  and 
the  apparent  CA  obtained  from  Wenzel  or  Cassie  equation  only  represents  the  equilibrium  or 
minimum-energy  state.35'37  Thus  it  is  insufficient  to  gain  a  complete  understanding  on  the 
superhydrophobic  wetting  behaviour.  On  different  microtextured  surfaces,  even  for  the  same  r 
and  fa  values,  completely  different  drop  mobility  can  be  observed.38, 39  Also,  it  is  of  interest  to 
note  that  there  is  an  intensive  debate  on  the  validity  of  the  Wenzel  and  Cassie  equations 
recently.40  43  Different  microgeometry  distributions  may  affect  the  definition  of  r  and  fa  (i.e., 
whether  it  is  a  global  or  a  local  value),  resulting  in  a  misuse  of  the  Wenzel  and  Cassie  equations 
to  calculate  the  CA  values.  Therefore,  the  role  of  surface  microgeometry  in  wetting  behaviour 
cannot  be  fully  described  by  r  and  fa,  and  it  is  necessary  to  investigate  the  effect  of  other 
microgeometrical  parameters  that  can  affect  the  wetting  results. 

One  of  the  most  important  effects  of  microgeometries  is  the  shaip-edge  effect,44'54  which  is 
believed  to  be  one  of  the  main  causes  of  the  contact  angle  hysteresis.  Such  effect  can  be 
responsible  for  the  pinning  of  the  drop  contact  line  (DCL)  at  an  edge  of  a  surface  microstructure 
when  DCL  is  moving  on  a  rough  surface.  Here,  the  “drop  contact  line”  (along  the  drop 
perimeter)  is  used  instead  of  the  “three  phase  contact  line”,  since  the  three  phase  contact  line  will 
be  discontinuous  and  form  underneath  the  drop  for  superhydrophobic  wetting  state  where  air  is 
entrapped  in  the  troughs  of  a  rough  surface.41  Gibbs55  first  proposed  the  inequality  condition  for  a 
liquid  DCL  at  a  shaip  solid  edge  based  on  a  geometrical  treatment.  Following  the  work  of  Gibbs, 
Oliver  et  al. 44  examined  Gibbs’  results  theoretically  and  experimentally,  and  indicated  that  Gibbs’ 
edge  effect  is  mainly  a  geometrical  consequence  immaterial  to  the  intrinsic  nature  of  the  edge 
(e.g.  the  selective  adsorption  of  impurities  on  the  edge).  Later,  many  wetting  behaviours  related 
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to  pinning  of  DCL  have  been  observed"2  53,  56-59  and  explained  by  applying  Gibbs’  principle. 
Moreover,  by  employing  re-entrant  edge  shapes,  recent  researches  have  showed  that 
superhydrophobic  behaviour  can  be  generated  from  hydrophilic  materials  or  for  low  surface 
tension  liquids.60  69  Nevertheless,  the  pinning  of  DCL  at  the  edge  of  surface  microgeometries  for 
SHS  is  still  not  well  explained.  For  example,  advancing  and  receding  DCL  may  have  a  different 
pinning  behaviour  at  the  edge,  leading  to  different  advancing  and  receding  CAs  as  well  as  drop 
mobility.  Further  study  of  the  pinning  of  DCL  at  a  microgeometrical  edge  is  required. 

In  addition  to  the  edge  effect,  the  topography  shape  and  length  scale  may  also  influence  wetting 
behaviour  particularly  for  superhydrophobic  surfaces.  Oner  and  McCarthy38  studied  the 
hydrophobicity  of  microtextured  surfaces  with  posts  of  different  sizes,  shapes  and  separations. 
They  claimed  that  increasing  the  post  distance  and  changing  the  shape  of  the  posts  from  square  to 
staggered  rhombus,  star  or  indented  square  may  decrease  the  contact  length  and  increase  the 
tortuosity  of  DCL  and  thus  increase  the  receding  contact  angles.  But  when  changing  the  shape  of 
the  posts,  they  did  not  keep  the  other  surface  parameters  constant,  e.g.,  the  roughness  or  the 
fraction  of  the  solid  surface  in  contact  with  a  drop.  As  a  result,  conclusions  of  the  effects  of  the 
post  shapes  cannot  be  supported  in  the  context  of  current  theories.32,  33  Youngblood  and 
McCarthy70  and  Yoshimitsu  et  al ,71  have  pointed  out  that  for  a  drop  on  a  microtextured  surface, 
the  drop  may  have  a  contorted  DCL.  They  believed  that  serious  contortion  can  make  the  contact 
line  less  continuous  and  unstable  and  thus  lead  to  an  easier  drop  motion.  They  claimed  that  a 
better  design  of  the  surface  with  respect  to  DCL  shape  is  more  effective  to  gain  a  proper  surface 
wettability.  However,  no  detailed  design  principles  have  been  suggested.  Dorrer  and  Ruehe39, 72 
also  discussed  the  influence  of  the  distribution  of  the  square  posts  on  the  DCL  shape  and  then  the 
contact  angles,  i.e.,  the  advancing  and  receding  contact  angles.  Though  they  ascribed  the  main 
reason  of  the  effect  of  geometrical  parameters  to  the  shape  and  movement  of  the  DCL,  clear 
explanations  still  lacked. 

In  this  report,  patterned  surfaces  with  different  microgeometries,  i.e.,  square,  triangle  and  circle 
post  arrays,  have  been  fabricated  by  microfabrication  techniques.  With  controlling  the  solid  area 
fraction  and  microgeometrical  length  scale,  various  surface  wetting  behaviours  have  been 
investigated.  Several  important  surface  microgeometrical  effects,  e.g.,  length  scale  effect,  edge 
and  comer  pinning  effect,  geometrical  shape  effect,  direction-dependent  effect,  will  be  discussed. 
By  applying  some  simplified  models,  mechanisms  responsible  for  those  effects  can  be 
understood. 


2.1  Theoretical  Basis 

2.1.1  Equilibrium  CAs 

The  thermodynamic  equilibrium  CA  of  a  liquid  drop  on  an  ideal  smooth  solid  surface  can  be 
predicted  by  Young’s  equation: 

r,acos0Y  =  rsa-rls  d) 
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where  yia  ,  y sa  and  y &  are  interfacial  tension  at  liquid-air,  solid-air  and  liquid-solid  interfaces, 
respectively.  Classically,  two  wetting  states  may  occur  if  a  drop  is  deposited  on  a  rough  surface: 
the  non-composite,  i.e.,  complete  liquid  penetration  into  the  troughs  of  a  rough  surface;  and  the 
composite,  i.e.,  entrapment  of  air  in  the  troughs  of  a  rough  surface.  The  apparent  equilibrium  CA 
of  the  non-composite  is  given  by  Wenzel  equation: 

cos  0W  =  r  cos  0y  (2) 


where  r  is  the  roughness  factor  as  the  ratio  between  the  actual  surface  area  and  the  projected  area 
for  a  wetted  surface.  On  the  other  hand,  the  apparent  equilibrium  CA  of  the  composite,  9C,  can  be 
calculated  using  the  Cassie  equation: 


cos  0C  =  /j  cos  0X  +  f2  cos  02 


(3) 


where  fi  and  /  are  the  fractions  of  the  solid-liquid  and  liquid-air  interfaces  with  equilibrium 
contact  angles  Oi  and  62,  respectively.  The  contact  angle  of  liquid  on  solid-liquid  contact  part,  61 
is  equal  to  the  Young’s  CA  (9y)  and  liquid-air  contact  part,  82  is  equal  to  180°  (the  CA  for  liquid 
with  entrapped  air),  as  such  one  has: 

cos#c  =  /  cos  0Y  —  /)  (4) 


where /is  the  solid-liquid  contact  fraction  of  the  substrate. 

Recently,  based  on  the  debate  of  the  validity  of  the  Wenzel  and  Cassie  equations,40'4  ’  McHale41 
and  Nosonovsky42  indicated  that  the  Cassie  equation  can  be  generalized  as: 


cos  6C  =  /  (x,  y )  cos  0,  +  f2  (x,  y )  cos  02  (5) 

The  local  Cassie’ s  fractions,  /  (pc,y)  and  /  (pc,y),  of  the  two  components  that  compose  the 
heterogeneous  surface  should  be  taken  as  the  functions  of  x  and  y  in  the  region42  (or 
neighborhood41)  of  the  DCL. 

Although  very  high  roughness  factor  in  Eq.  (2)  can  induce  a  high  apparent  contact  angle  and  thus 
high  drop  repellency,  low  drop  mobility  or  high  contact  angle  hysteresis  has  been  observed  and 
demonstrated  for  Wenzel’s  or  non-composite  state.  As  a  result,  current  superhydrophobic  state  is 
commonly  referred  to  Cassie’s  or  composite  state,  which  will  be  the  main  subject  discussed  in 
this  report. 

2.1.2  Advancing  and  Receding  CAs  for  Composite  State 

Drops  on  SHS  may  be  prevented  from  reaching  the  free  energy  minimum  states  described  by  Eqs. 
(2)  and  (4)  by  multiple  free  energy  barriers  generated  by  the  roughness.36  Consequently,  contact 
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angle  hysteresis  or  advancing  and  receding  CAs  arises.  Up  to  now,  a  quantitative  prediction  of 
advancing  and  receding  CAs  for  composite  state  still  keeps  confusing.37 

The  basis  of  the  Cassie  equation  is  the  surface  energy  minimization  principle.  From  a  different 
perspective,  nonetheless,  the  apparent  equilibrium  CA  from  Cassie  equation  Eq.  (3)  may  also  be 
viewed  as  the  result  of  averaging  the  local  equilibrium  contact  angle  at  the  drop  contact  line  by  its 
length.42  Similarly,  the  apparent  receding  and  advancing  CAs  can  also  be  considered  to  be  the 
result  of  averaging  the  local  receding  and  advancing  CAs  along  the  drop  contact  line,  which  is 
given  in  a  form  analogous  to  Eq.  (3)  as: 

cos  Qr  =  freal  cos  0srec  +  (1  -  f.eal )  cos  9air  (6) 

cos  0a  =  freal  cos  0s  adv  +  (1  -  freal )  cos  0air  (7) 


where  dr  and  da  is  the  apparent  receding  and  advancing  CAs,  respectively;  ds.rec  and  ds.adv  is  the 
local  receding  and  advancing  CAs  at  the  solid-liquid  contact  part,  respectively;  dair  is  the  local 
contact  angle  of  the  free  surface  between  air  and  liquid  (receding  and  advancing  CAs  equal  to 
180°  in  air);  freal  is  the  real  local  solid-liquid  contact  fraction  in  the  region  of  DCL.  Eqs.  (6)  and 
(7)  are  very  similar  to  the  formulas  proposed  in  Extrand’s  paper,73  but  cos#  is  applied  rather  than 
d  when  interfacial  energies  is  considered.  In  order  to  find  the  values  of  freal,  ds.rec  and  ds.adv,  we 
take  the  regularly  patterned  surface  with  square  post  array  for  example.  Schematic  top  views  of 
DCL  for  a  drop  resting  on  the  patterned  surface  are  illustrated  in  Figure  1.  The  post  width  and 
spacing  are  noted  to  be  a  and  b,  respectively. 

For  the  real  local  solid-liquid  contact  fraction  freal  in  the  region  of  DCL,  there  are  two  statements. 
The  most  common  expression  of  the  local  contact  fraction  is  considered  as  a  local  solid-liquid 
contact  area  fraction  (we  call  it  solid  area  fraction  fa)  of  the  contact  line.41’  43  Note  that  for  a 
uniformly  patterned  surface,  the  global  solid  area  fraction  is  equal  to  the  local  solid  area  fraction 
in  the  region  of  DCL.  Taking  the  square  post  array  for  example,  the  solid-liquid  area  fraction 
equals  to: 

fa  =  ci2 /{a2  +  b2  +  2  ab)  (8) 

where  a  and  b  are  corresponding  to  the  parameters  shown  in  Figure  1.  On  the  other  hand,  as 
discussed  by  Extrand,73'  74  the  local  contact  fraction  is  treated  as  a  local  linear  fraction  of  the 
contact  line  (we  call  it  solid  linear  fraction  /)),  which  equals  to: 

f  =  a/ (a  +  b )  (9) 

Flowever,  fa  is  valid  only  when  the  length  scale  of  a  and  b  should  be  comparable  to  the  thickness 
of  the  liquid-air  interface  (on  the  order  of  molecular  dimensions,  1 0'9~1 0  8  m)42  and  thus  DCL  can 
cover  the  total  area  of  a  repetitive  cell  unit,  see  Figure  1  a;  ft  is  valid  only  when  the  contact  line  of 
the  drop  is  assumed  to  be  straight  and  local  curvatures  of  the  contact  line  can  be  ignored  (in  fact, 
the  contact  line  between  posts  is  really  not  a  line  but  is  liquid-air  interface72  which  can  cover  the 
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repetitive  cell  unit  partly).  As  a  result,  for  the  length  scale  in  micrometer  (the  length  scale 
discussed  in  this  report),  the  real  local  solid-liquid  contact  fraction  [real  can  be  underestimated  if 
the  solid  area  fraction  fa  is  used;  on  the  contrary,  the  real  solid-liquid  contact  fraction  f-eai  can  also 
be  overestimated  if  the  solid  linear  fraction  fl  is  used.  As  experimentally  demonstrated  in  Section 
4 ,freal  shows  a  value  between  fa  and  /);  by  decreasing  the  length  scale,  f-eai  will  decrease  and 
finally  approach  to  fa,  attributing  to  the  reason  that  the  repetitive  cell  unit  may  be  closer  to  the 
DCL  for  small  length  scale  microstructures,  see  Figure  lb. 
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Figure  1.  Schematic  top  views  of  drop  DCL  for  the  drop  on  a  patterned  surface  with  square  post 
array  (not  to  scale),  (a)  The  inset  shows  the  DCL  shape  on  a  large  length  scale  microgeometrical 
surface,  (b)  DCL  shape  on  a  small  length  scale  microgeometrical  surface.  Note  that  the  dashed 

cells  refer  to  the  repetitive  units. 

To  determine  the  value  of  local  receding  CA  at  the  solid-liquid  contact  part  ( Qs.rec )  in  Eq.  (6),  a 
model  of  contact  line  retreating  behaviour  is  introduced  in  Figure  2,  similar  to  the  models 
illustrated  by  Extrand7’  and  Dorrer  and  Ruehe.39  One  can  see  that  the  drop  exhibits  a  local 
receding  CA  equal  to  that  on  a  smooth  surface  {dr o)  when  the  contact  line  crosses  the  flat  top  of 


DRDC  Atlantic  CR  2010-329 


7 


the  post.  As  the  drop  volume  is  decreasing,  the  drop  contact  line  retreats  to  the  post  edge,  and 
then  is  pinned.  Theoretically,  the  contact  line  cannot  move  until  the  same  local  receding  CA  (dr o) 
on  the  side  wall  of  the  post  is  established.  However,  for  composite  state,  the  drop  is  suspended 
between  two  posts,  and  there  is  only  one  point  pinned  at  the  edge.  The  pinning  point  is  so  weak 
that  it  can  be  easily  pinched  off  and  depin  from  the  edge  before  the  local  receding  CA  decreases 
to  a  small  value.  In  fact,  Extrand73  even  ignored  such  pinning  for  composite  states,  and  treated 
Os.rec  as  a  value  equal  to  Or o. 


Figure  2.  An  enlarged  side  view  near  the  receding  contact  line  of  a  drop  suspended  on  the  posts: 
1-2  the  drop  contact  line  is  retreating  on  the  flat  post  top  with  a  local  receding  CA  equal  to  that 
exhibited  on  the  smooth  surface  (Oro);  3-4  the  contact  line  is  pinned  on  the  edge;  5  a  new  contact 
point  is  formed  on  the  nearest  post  after  depinning  happens  at  4;  6  theoretical  contact  line 
movement  with  local  receding  CA  (Oro)  on  the  side  of  the  post,  which  will  unlikely  happen  on  a 
hydrophobic  post  with  the  solid  edge  angle  0=90°. 

To  determine  the  value  of  local  advancing  CA  at  the  solid-liquid  contact  part  Os.adv  in  Eq.  (7),  a 
model  of  the  contact  line  advancing  motion  is  shown  in  Figure  3,  which  is  also  similar  to  the 
models  illustrated  by  Extrand73  and  Dorrer  and  Ruehe.39  One  can  see  that  a  drop  exhibits  a  local 
advancing  CA  equal  to  that  on  a  smooth  surface  {dad)  when  the  contact  line  crosses  the  flat  top  of 
the  post.  As  the  drop  volume  is  increasing,  the  contact  line  continues  to  spread  and  finally  reaches 
the  post  edge.  Then,  the  contact  line  will  be  pinned  on  the  post  edge.  Theoretically,  until  a  CA  of 
180°  is  reached,39  the  meniscus  near  the  contact  point  could  then  touch  the  next  post  and  form  a 
new  contact  point.  As  a  result,  the  local  advancing  CA  at  the  solid-liquid  contact  part  appears  to 
be  Os.adv  =  180°,  and  so  the  apparent  advancing  CA  {6a)  from  Eq.  (7),  no  matter  what / is,  can  be 
calculated  to  be  180°.  Based  on  the  above  analysis,  Dorrer  and  Ruehe39  claimed  that  the 
advancing  contact  angles  remain  unaffected  (ft? -180°)  as  the  microgeometrical  parameters  (fa  and 
S)  are  varied.  However,  this  may  not  be  the  truth  because  the  meniscus  will  fluctuate  about  its 
equilibrium  position,  depending  on  the  external  energy  transferred  from  the  environment,  e.g., 
mechanical  vibrations,75'77  and  thus  the  drop  may  sense  the  nearest  post  and  form  a  new  contact 
point  before  ds.adv  reaches  180°.  So  under  a  relatively  stable  environment  with  certain  vibrational 
energy,  the  drops  on  surfaces  with  small  post  spacing  can  sense  the  nearest  posts  more  easily  than 
those  on  surfaces  with  large  post  spacing  (for  the  same  post  width),  indicating  a  smaller  ds.adv. 
However,  ds.adv  cannot  be  theoretically  determined,  since  the  vibrational  energy  from  the 
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environment  is  unknown.  The  above  speculations  will  be  demonstrated  based  on  experimental 
results  in  Section  4. 


Figure  3.  An  enlarged  side  view  near  the  advancing  contact  line  of  a  drop  suspended  on  the 
posts:  1-2  the  drop  contact  line  is  propagating  on  the  flat  post  top  with  an  advancing  CA  equal  to 
that  exhibited  on  the  smooth  surface  (dao);  3-4  the  contact  line  is  pinned  on  the  corner;  5  a  new 
contact  point  is  formed  on  the  nearest  post  when  the  meniscus  of  4  is  oscillating  around  its 
equilibrium  position;  6  theoretical  contact  line  movement  with  advancing  CA  (Oao)  on  the  side  of 
the  post ,  which  will  unlikely  happen  on  a  hydrophobic  post  with  solid  edge  angle  0=90°. 
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3  Experimental  Methods 


3.1  Experimental  Design 

Patterned  surfaces  with  different  post  shapes,  i.e.,  square,  triangle,  and  circle,  were  designed. 
Figure  4  shows  schematic  depiction  of  repetitive  unit  cells  for  patterned  surfaces  with  different 
microgeometries.  The  use  of  these  simple  geometrical  shapes  can  allow  us  to  control  geometrical 
parameters  conveniently.  For  example,  solid  area  fraction  fa  (for  uniformly  patterned  rough 
surface,  the  global  solid  area  fraction  all  over  the  surface  is  equal  to  the  local  solid  area  fraction  in 
the  region  of  DCL),  characterized  by  the  solid-liquid  contact  area  fraction  for  composite  states,  is 
defined  to  be  a\  /(ai+Zq)  ,  0.43a2  /( a2+b2)  and  0.79 a2  l(a2+b3)  for  square,  triangle  and  circle  post 
arrays,  respectively;  microgeometrical  length  scale  S,  characterized  by  the  top  surface  area  of 
individual  post,  is  defined  to  be  a] 2,  0.43«22  and  0.19a2  for  square,  triangle  and  circle  post  arrays, 
respectively;  edge  length  density  P,  characterized  by  the  edge  length  per  unit  area,  is  defined  to 
be  4a1/(a1+Z>1)2,  3a2/(a2+b2)2 ,  3.\Aaf{a2+b2)2  for  square,  triangle  and  circle  post  arrays, 
respectively.  Note  that  the  surface  area  (2-dimension)  of  individual  post  is  more  meaningful  to  be 
used  as  the  indication  of  the  microtexture  length  scale  than  any  other  parameters  (e.g.,  the  post 
width  or  post  spacing),  and  it  is  especially  useful  for  defining  the  length  scale  of  different 
microgeometry  shapes.  Microgeometrical  effects  on  wetting  behaviour  can  be  understood  through 
the  comparisons  of  surface  wettability  when  the  above  geometrical  parameters  are  precisely 
controlled.  It  is  worth  pointing  out  that  in  this  report,  composite  states  are  mainly  investigated, 
and  as  such  solid  area  fraction  is  selected  to  be  the  controlled  geometrical  parameter  rather  than 
roughness  parameter,  r.38’ 39, 71 


Figure  4.  Schematic  depiction  of  top  views  for  patterned  surfaces  with  different  microgeometries. 
The  dashed  cells  refer  to  the  repetitive  units.  Images  of  drops  sitting  on  the  post  arrays  were 
taken  from  azimuthal  angle  of  (a)  0°,  (b)  45°  and  (c)  90°  relative  to  x  axis. 

In  order  to  investigate  microgeometrical  effects  on  wetting  behaviour,  the  size  of  surface 
microgeometrical  parameters  are  carefully  designed,  which  have  been  given  in  Tables  1,  2  and  3. 
For  features  in  each  table,/,  and  S  for  different  microgeometries  are  kept  constant,  so  wettability 
comparisons  for  surfaces  of  each  table  will  show  geometrical  shape  effect,  e.g.,  the  effect  of  P. 
Comparing  features  of  Table  2  to  features  of  Table  1,  S  is  decreased  by  halving  the  post  width  (a) 
and  spacing  (b)  for  different  pattern  shapes  while  fa  is  kept  constant,  so  wettability  comparison 
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between  them  will  show  length  scale  effect.  Comparing  features  of  Table  3  to  features  of  Table  1, 
the  post  widths  for  different  pattern  shapes  are  all  halved  while  the  cell  area  ( a+b )2  are  kept 
constant,  so  wettability  comparison  between  Table  1  and  Table  3  can  show  post  size  effect.  In 
addition,  comparing  features  of  Table  3  to  features  of  Table  2,  fa  is  decreased  while  S  is  kept 
constant,  so  wettability  comparison  between  Table  2  and  Table  3  can  show  post  density  effect. 
Note  that  two  post  heights  20  and  30  pm  are  set,  which  are  sufficient  for  drops  to  stay  in 
composite  state  as  shown  in  Section  4. 

Table  2.  Theoretical  settings  for  microgeometries  (f  =0.28,  S=256jum2).  a,  b  and  h  represent  the 
post  width,  spacing  and  height,  respectively;  fa,  rw  represent  the  solid  area  fraction  and  Wenzel’s 
roughness,  respectively;  Oc  and  0W represent  the  CAs  from  Cassie  ’s  and  Wenzel’s  equations, 
respectively;  P  and  S  represent  the  edge  length  density  and  length  scale,  respectively;  0Y  is  111° 
which  is  assumed  to  be  the  average  of  advancing  and  receding  CAs  on  smooth  surface. 


Pattern 

a  (pm) 

b  (pm) 

h  (pm) 

fa  [0c  O] 

rw[0w(°)] 

Pip™1) 

S(pirT) 

Square 

16 

14 

■■ 

0.28(144.4) 

3.13(180) 

mm 

256 

# 

0.28(144.4) 

2.42(145.9) 

1 U 

256 

Triangle 

24.3 

5.7 

30 

0.28(144.4) 

3.43(180) 

mm 

256 

20 

0.28(144.4) 

2.62(153.7) 

US 

256 

Circle 

18 

12 

30 

0.28(144.4) 

2.89(171.4) 

0.063 

256 

20 

0.28(144.4) 

2.26(140.6) 

0.063 

256 

Table  3.  Theoretical  settings  for 

microgeometries  with  smaller  length  scale  (fa 

=0.28,  S=64pm) 

Pattern 

a  (pm) 

b  (pm) 

h  (pm) 

faW  c(°)] 

rw[0w(°)] 

T’lpnf1) 

S(pm2) 

Square 

8 

7 

30 

0.28(144.4) 

5.27(180) 

mm 

64 

20 

0.28(144.4) 

3.84(180) 

SB 

64 

Triangle 

12.2 

2.8 

30 

0.28(144.4) 

5.86(180) 

— 

64 

20 

0.28(144.4) 

4.24(180) 

SB 

64 

Circle 

9 

6 

30 

0.28(144.4) 

4.78(180) 

■SB 

64 

20 

0.28(144.4) 

3.52(180) 

SB 

64 
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Table  4.  Theoretical  settings  for  microgeometries  smaller  fa  (fa=0.071,  S=64jum2) 


Pattern 

a  (pm) 

b  (pm) 

h  (pm) 

fa[0 c(°)] 

rw[0w(°)] 

Apnf1) 

S')  pm2) 

Square 

8 

22 

30 

0.071(162.4) 

2.07(135) 

0.036 

64 

20 

0.071(162.4) 

1.71(125.8) 

0.036 

64 

Triangle 

12.2 

17.8 

30 

0.071(162.4) 

2.22(139.3) 

0.041 

64 

20 

0.071(162.4) 

1.81(128.3) 

0.041 

64 

Circle 

9 

21 

30 

0.071(162.4) 

1.95(131.7) 

0.031 

64 

20 

0.071(162.4) 

1.63(123.9) 

0.031 

64 

3.2  Preparation  of  Patterned  Silicon  Substrates 

All  surface  microgeometries  described  above  are  fabricated  by  lithography  and  reactive  ion 
etching  (RIE)  techniques  on  pure  silicon  wafers  covered  by  a  500nm  thick  silicon  dioxide  layer, 
which  is  schematically  shown  in  Figure  5.  Firstly,  patterns  of  designed  shapes  were  transferred 
from  a  photomask  (NanoFab,  University  of  Alberta)  to  a  silicon  dioxide  layer  on  4  in.  (100)- 
orientation  silicon  wafers  (P/B-doped,  resistivity  from  1  to  35  ohm-cm,  thickness  525±25  pm, 
Silicon  Valley  Microelectronics,  Inc.)  by  contact  lithographic  techniques  (HPR  504  photoresist, 
ABM  Mask  Aligners)  and  reactive  ion  etching  process  (STS-R1E).  The  patterned  silicon  dioxide 
acted  as  a  masking  layer  in  the  following  Cryo  process  (Oxford  ICP-R1E  Cryo  Etch),  which 
produced  an  anisotropic  etch  in  silicon.  Etching  depth  or  post  height  can  be  precisely  controlled 
by  etching  time.  When  etching  process  was  complete,  holes  were  drilled  in  the  center  of  each 
pattern  (1.5cmx  1.5cm)  by  diamond  micro-drills  (MCDU30,  diameter  0.762  mm,  UKAM)  to 
allow  for  mounting  of  a  syringe  below  the  surface  to  create  a  drop  on  top  of  the  surface,  see 
Figure  6.  Then,  the  wafers  were  cleaned  in  deionized  water,  iso-propanol,  and  acetone  in 
sequence.  In  order  to  ensure  chemical  homogeneity  of  surfaces,  the  patterned  silicon  wafers  were 
kept  in  thermal  oxidation  tube  at  900°C  for  10  min  to  grow  a  70nm  thick  silicon  dioxide  layers  on 
the  newly  exposed  silicon  surfaces. 
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Photoresist 


Lithography 


^  ICP-RIE  Cryo  Etch 


i 


Thermal  Oxidation 


Figure  5.  A  schematic  illustration  for  the  micromachining  procedure  on  silicon  wafers.  The 
thermal  oxidation  process  is  to  ensure  chemical  homogeneity. 


Figure  6.  (a)  A  patterned  silicon  substrate  by  lithography  and  R1E  techniques  with  drilled  holes 
on.  (b)  A  patterned  silicon  substrate  mounted  on  the  stage  of  a  contact  angle  measuring  system 
with  syringe  below  to  create  a  drop  on  top  of  the  surface. 
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3.3  Surface  Modification 


The  deposition  cycle  part  of  the  Bosch  process  (Oxford  Plasmalab  1CP-R1E)  was  used  to  modify 
surface  chemical  property.  Using  C4F8  source  gas,  a  chemically  inert  passivation  layer  (a 
substance  similar  to  Teflon)  was  homogeneously  coated  on  the  patterned  silicon  surface.  When 
the  deposition  time  is  set  to  be  90  sec.,  a  60  nm  thick  polymer  film  can  be  detected. 

3.4  Surface  Characterization 

Scanning  Electron  Microscope  (SEM-LEO  1430)  and  White  Light  Confocal  Microscopy  (LCM- 
CSM  700)  were  applied  to  check  the  dimensions  of  the  microgeometries.  All  the  data  are  given  in 
the  supporting  information  (Al,  Annex  A).  Feature  sizes  within  5%  deviation  from  the  ideal 
sizes  shown  in  Tables  1,  2  and  3  are  accepted,  since  there  is  7%  system  error  during  the 
micromachining  and  even  in  the  dimensional  measurement.  The  thickness  of  C4FX  passivation 
layer  and  silicon  dioxide  layer  can  be  detected  by  a  contact  profilometer  (Alphastep  200)  and 
Filmetrics  Resist  and  Dielectric  Thickness  Mapping  System,  respectively. 

3.5  Contact  Angle  Measurements 

A  custom-built  apparatus34' 78  was  used  for  measuring  advancing  and  receding  CAs  for  the  quasi¬ 
static  advancing  and  receding  contact  line.  A  clean  syringe  filled  with  the  deionized  water  was 
mounted  under  the  silicon  wafer,  with  the  tip  position  just  underneath  the  top  of  the  hole,  see 
Figure  6b.  The  syringe  was  driven  by  a  motor  at  a  rate  of  0.5  pL/s  for  the  advancing  and  receding 
CAs  measurements  by  adding  and  removing  the  water  from  the  drop,  which  is  low  enough  that 
inertial  effects  are  minor.  Side  (from  various  azimuthal  angles,  see  Figure  4)  and  top  images  of 
drops  were  recorded  by  two  cameras.  Drop  image  analysis  programs  were  developed  to 
determine  the  contact  angles.  Side  images  from  azimuthal  angles  0°  to  170°  were  used  to 
generate  the  DCL  shape.  Note  that  it  is  impossible  to  capture  the  DCL  from  the  top  view  when 
the  contact  angle  is  larger  than  90°. 
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4  Results  and  Discussion 


The  advancing  ( 6 a)  and  receding  (0r)  contact  angles  as  well  as  contact  angle  hysteresis  (CAH)  for 
water  on  smooth  silicon  wafers  untreated  (SWU),  treated  (SWT)  by  thermal  oxidation,  and 
modified  by  C4F8  passivation  are  given  in  Table  5.  Note  that  the  Young’s  CA  can  be 
approximated  to  be  the  average  of  advancing  and  receding  CAs.  Figure  7  shows  the  water  drop 
images  sitting  on  smooth  SWT  before  and  after  surface  modification.  One  can  see  that  a 
hydrophilic  surface  can  be  modified  to  be  hydrophobic  effectively  by  C4F8  passivation  treatment. 

Table  5.  CA  measurement  on  smooth  silicon  wafers.  Silicon  wafers  untreated  (SWU);  silicon 
wafers  treated  (SWT)  in  900°C  (lOmin),  SiOi  thickness:  70nm;  SWU  +  C4F8  passivation  (90sec.), 
polymer  thickness:  60nm;  SWT  +  C4F8 passivation  (90sec.),  polymer  thickness:  60nm.  Note  that 

SD  is  the  standard  deviation  for  measurements. 


0,0  ±  SD 

6r  (°)  ±  SD 

CAH  (°)  ±  SD 

SWU 

48.5±1.29 

23.7±1.28 

24.8±0.28 

SWT 

57.1±0.84 

1 1.6±0.1 1 

45.0±0.32 

SWU  +  c4f8 

123.4±0.06 

99.3±1.05 

23.8±0.61 

SWT  +  C4F8 

123.5±0.10 

99.6±0.19 

23.8±0.23 

(a)  (b) 

Figure  7.  Images  of  water  drops  sitting  on  (a)  smooth  SWT  surface;  (b)  smooth  SWT  surface 

treated  by  C4Fg  passivation. 

Figure  8  shows  the  SEM  images  of  surfaces  patterned  with  square,  triangle  and  circle  post  arrays. 
The  dimensions  of  post  width,  spacing  and  height  measured  by  SEM  and  LCM  are  listed  in  the 
supporting  information  (Al,  Annex  A).  The  results  show  that  the  designed  microgeometrical 
structures  with  required  dimensions  described  in  Tables  1,  2  and  3  have  been  successfully 
realized  by  the  lithography  and  RIF,  technologies. 
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Figure  8.  SEM  images  of  the  surfaces  patterned  with  (a)  Square  posts,  (b)  Triangle  posts  and  (c) 
circle  posts  for  microstructures  of  Table  1,  post  height  30  pm.  The  insets  show  the  top  views  of 
the  microstructures  with  different  post  shapes. 
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4.1  Wetting  on  Hydrophilic  Patterned  Surfaces 


Wetting  behaviour  on  patterned  surfaces  before  surface  modification  has  been  tested.  Figure  9a 
shows  the  side  views  of  a  water  drop  spreading  on  the  square  post  array  (Table  1,  post  height=20 
pm)  from  azimuthal  angle  of  0°.  It  is  clear  from  the  images  that  a  liquid  film  inside  the  surface 
microstructures  propagates  faster  than  the  drop  (liquid  is  added  by  the  syringe  at  a  rate  of 
0.5pL/s).  Attempts  to  measure  the  contact  angles  failed  because  the  water  drop  would  all  be 
absorbed  into  the  microstructures  to  form  the  liquid  film  and  CA  was  finally  decreased  to  0 
degree.  Bico  et  al.19  derived  a  condition  for  such  wetting  phenomenon  (they  called  it  an 
intermediate  between  the  ones  for  spreading  and  for  imbibition)  to  happen, 

<  QcriticaiCoseCritical  =  (1  -  /)/(r  -  /)  (10) 

In  our  case,  the  Young’s  CA  (8y  equals  to  34.3°,  the  average  of  advancing  and  receding  CAs  on 
smooth  surface)  is  smaller  than  the  critical  CA  (^critical  equals  to  70.3°)  (from  Table  1 ,  /„=0.28, 
i=2.42),  and  so  the  condition  shown  in  Eq.  (10)  is  satisfied.  In  particular,  a  rectangular  spreading 
shape  has  been  observed  from  the  top  views  (Figure  9b).  Interestingly,  the  same  rectangular 
spreading  pattern  has  been  seen  on  the  other  microgeometrical  surfaces,  regardless  of  the 
microgeometrical  shapes,  i.e.,  square,  triangle  and  circle  post  arrays  (Tables  1,  2  and  3  with  post 
heights  20  and  30  pm).  The  results  reveal  that  the  spreading  speed  of  liquid  film  on  patterned 
surfaces  with  tetragonally  arrayed  posts  along  x  and  y  axis  are  slower  than  that  along  the  diagonal 
directions  regardless  of  what  post  shape  it  is.  Dorrer  and  Ruehe80  have  observed  a  similar  wetting 
phenomenon  on  hydrophilic  square  post  arrays. 
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O’O”  0’5”  O’lO” 

Advancing  front  Advancing  front 


(b) 


Figure  9.  (a)  Side  and  (b)  top  views  for  water  drop  on  the  square  post  array  (Table  1,  post 
height=20  pm)  before  surface  modification.  Note  that  the  syringe  is  underneath  the  drop  through 

the  hole.  The  insets  show  the  time  sequence. 
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4.2  Wetting  on  Hydrophobic  Patterned  Surfaces 


Figure  10  shows  that  water  drop  can  sit  on  top  of  posts  for  the  patterned  surface  after  surface 
modification.  Light  can  penetrate  through  the  post  spacing  underneath  the  drop,  indicating  air 
entrapment  and  composite  wetting  state. 


(a)  (b) 


Figure  10.  (a)  Water  drop  sitting  on  the  patterned  surface,  (b)  A  partial  enlargement  at  the  three 
phase  contact  point  which  is  artificially  magnified  by  three  times.  Note  that  light  can  penetrate 
through  the  post  spacing  (square  post  array  of  Table  3  with  height  30pm). 

4.2.1  CAs  from  Azimuthal  Angle  of  Zero  Degree 

Comparison  of  variations  of  apparent  drop  advancing  and  receding  CAs  with  respect  to  pattern 
types  and  geometrical  parameters  are  shown  in  Figure  11,  measured  from  0  degree  azimuthal 
angle  (original  CA  data  has  been  given  in  supporting  information  A2,  Annex  A).  Student’s  t-test 
has  been  applied  for  the  comparison  of  CA  values  discussed  below.  One  can  see  that  despite 
some  errors  generated  by  the  light  penetration  mentioned  above,  for  different  post  heights  (Figure 
11a  and  b),  contact  angles  almost  show  the  same  trend.  As  a  result,  only  the  CA  data  for 
microgeometries  with  post  height  20pm  (Table  A2-1)  has  been  applied  for  analysis  below. 
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Pattern  Types 

(a) 


Figure  11.  Variations  of  advancing  ( 0a )  and  receding  ( 9,)  contact  angles  with  respect  to  pattern 
types  and  geometrical  parameters  corresponding  to  Tables  1  (Tl:fa  =0.28,  S=256pm2),  2  (T2:fa 
=0.28,  S=64pm2)  and  3  (T3:  fa=0.071,  S=64pm2)  (a)  for  post  height  20  pm  and  (b)  post  height 
30  pm.  Note  that  the  CAs  were  measured  from  azimuthal  angle  of  0  degree. 
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4.2. 1.1  Receding  CA  Analysis 


Comparing  the  apparent  receding  CAs  on  patterned  surfaces  with  microgeometrical  parameters 
given  in  Tables  1  (f,  =0.28,  S=256pm2)  and  1.2  (fa  =0.28,  5=64pm2),  a  quite  different  wetting 
behaviour  can  be  observed  though  fa  has  been  fixed,  see  Figure  11a  and  Table  A2-1.  Taking  the 
square  post  arrays  for  example,  the  apparent  receding  CA  ( 8 ,.)  for  the  microtexture  of  Table  1 
( 0=  127.6°,  /„,„/=0 .47 ,  frO .53,  /,’=().  2 8 ,  5=256pnr)  is  much  smaller  than  that  for  the  microtexture 
of  Table  2  (#,.=136.0o,/.aj/=0.34,  fi  =0.53,  fa  =0.28,  S=64pm2),  showing  a  strong  dependence  on 
the  length  scale  5;  note  that  freai  is  calculated  by  substituting  f),  in  Eq.(6)  and  given  in  Table  A2-1, 
and  the  local  solid  linear  fraction  ft  for  square  post  array  is  obtained  from  Eq.  (9).  The  same 
phenomenon  can  be  observed  in  Dorrer’s  data:39  for  the  patterned  surfaces  with  the  same  f  and 
fa,  the  apparent  receding  CA  will  increase  (so  the  real  local  contact  fraction  freat  will  decrease) 
dramatically  when  the  length  scale  S  decreases.  In  particular,  it  is  found  that  the  value  of  freai  is 
always  located  between  f  and  fa,  and  freai  decreases  from  a  value  close  to  /j  to  a  value  close  to  fa 
when  S  decreases.  In  order  to  better  understand  the  dependence  of  freai  on  S,  it  is  useful  to 
establish  theoretical  relationship  between  them.  Based  on  the  experimental  data  of  apparent 
receding  CAs  from  ours  and  Dorrer’s,39  we  propose  a  phenomenological  correlation  as: 

freai=m-eSIA)  +  fae-SIA  (11) 


where  S  is  the  length  scale  and  A  (pm2)  is  a  fitting  parameter  based  on  experimental  data. 
Combining  Eqs.  (6)  and  (11),  a  theoretical  relationship  between  the  apparent  receding  CA  (0,.) 
and  length  scale  (5)  can  be  established.  Figure  12  shows  the  comparison  between  the 
experimental  apparent  receding  CA  data  and  theoretically  predicted  apparent  receding  CAs.  As 
seen,  the  predicted  apparent  receding  CAs  are  quite  consistent  with  the  experimental  data. 
Therefore,  a  quantitative  correlation  between  apparent  receding  CA  and  length  scale  has  been 
successfully  established.  It  is  worth  pointing  out  that  from  Eq.  (1 1),  a  maximum  receding  CA  can 
be  reached  when  S  approaches  0  ( frea /  approaches  /,’,),  i.e.,  a  small  S  is  favoured  for  water-repellent 
rough  surfaces.  This  may  be  one  of  the  reasons  that  needle-like  structure81  is  usually  preferred  for 
constructing  superhydrophobic  surfaces. 
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Figure  12.  The  comparison  between  the  experimental  apparent  receding  CA  data  and 
theoretically  predicted  apparent  receding  CAs  for  square  post  arrays.  Note  that  the  experimental 
data  noted  by  symbol  *  is  from  Dorrer’s  experiment:'9 

Comparing  with  the  freai  values  (calculated  from  the  experimental  data  8,.,  see  Table  A2-1)  for 
surfaces  of  Tables  1  and  2  (fa  =0.28,  fa  =  0.53),  the  frea!  for  surfaces  of  Table  3  (4=0.071,  fa=0.27) 
own  a  much  smaller  value  (see  supporting  information  S2,  Annex  A).  Based  on  Eq.  (11),  such 
phenomenon  can  be  attributed  to  the  great  decrease  of  both  local  solid  area  (4=0.071)  and  local 
solid  linear  (/)  =0.27)  fractions. 

In  addition,  for  each  of  the  studied  surfaces  of  each  table  (Tables  1,  2  and  3)  with  different 
microgeometrial  shapes  (square,  triangle  and  circle)  but  the  same  fa  and  S  values,  the  receding 
CAs  have  shown  some  minor  differences.  From  Eq.  (1 1),  we  can  attribute  the  minor  difference  to 
the  different  solid  linear  fraction  f  for  varied  post  shapes.  Unless  a  detailed  DCL  profile  is  gained 
for  drop  on  triangle  and  circle  post  arrays,  it  is  impossible  to  theoretically  determine  the  value  of 
fi  as  well  as  freai,  though  experimental  freai  for  triangle  and  circle  post  arrays  show  values 
approximate  to  that  for  square  post  array,  see  Table  A2-1. 

4.2. 1.2  Advancing  CA  Analysis 

Unlike  the  apparent  receding  CA,  the  apparent  advancing  CA  is  difficult  to  be  predicted  by  Eqs. 
(7)  and  (11),  since  the  local  advancing  CA  (8sadil)  in  Eq.  (7)  at  the  solid-liquid  contact  part  cannot 
be  theoretically  determined  as  discussed  in  Section  2.1.2.  Elowever,  based  on  the  experimental 
apparent  advancing  CA  results,  8yadv  can  be  calculated  by  Eq.  (7)  for  all  the  patterned  surfaces, 
see  Table  A2-1.  Note  that  freai  in  Eq.  (7)  at  the  advancing  DCL  is  assumed  to  be  equal  to  that  at 
the  receding  DCL  for  axisymmetric  post  shapes.  By  comparing  6sadv  between  patterned  surfaces 
with  various  microgeometrical  parameters,  the  edge  pinning  effect  for  the  advancing  contact  line 
at  the  microgeometrical  edge  can  be  revealed.  For  example,  comparing  0s  adv  for  square  post  array 
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of  Table  2  (9sadv=  162.8°,  n=8  pm,  b=l  pm,  h= 20  pm)  and  Table  3  {9sadv=\61° ,  a=8  fim,  b= 22 
pm,  h= 20  p m),  it  can  be  seen  that  9sadv  shows  a  smaller  value  for  the  one  with  small  post  spacing 
(surface  of  Table  2)  than  that  with  large  post  spacing  (surface  of  Table  3),  which  is  consistent  to 
the  speculations  for  the  pinning  property  of  advancing  contact  line  discussed  in  Section  2.1.2;  i.e., 
for  the  same  post  width,  small  post  spacing  can  induce  a  smaller  9sadv.  Comparing  9sadv  for 
square  post  array  of  Table  1  (#Sjfl</v=168.1°,  a=  16  pm,  b=  14  pm,  h= 20  pm)  with  those  for  square 
post  arrays  of  Table  2  and  Table  3,  it  is  observed  that  9sadv  for  square  post  array  of  Table  1  shows 
the  largest  9sadv,  indicating  that  not  only  a  large  post  spacing,  but  a  large  post  width  can  also 
induce  a  strong  advancing  contact  line  pinning  effect.  Interestingly,  the  same  trend  can  be  found 
for  triangle  and  circle  post  arrays,  respectively  (see  Table  A2-1).  In  addition,  we  tried  to  compare 
9s,adv  between  post  arrays  with  different  post  shapes  in  each  Table  (Tables  1,  2  and  3),  however, 
no  clear  trend  can  be  observed. 

Figure  13  shows  variations  of  CAH  with  respect  to  microgeometrical  shapes  and  geometrical 
parameters  corresponding  to  Tables  1,  2  and  3.  Because  CAH  is  the  result  of  the  difference  of  9a 
and  9r,  there  is  a  direct  relation  between  the  variations  of  CAH  and  variations  of  9a  and  9r.  Due  to 
the  much  less  pronounced  variation  of  9a  than  variation  of  9r,  CAH  shows  a  very  similar  trend  to 
9r. 
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Figure  13.  Variations  of  CAH  with  respect  to  pattern  types  and  geometrical  parameters 
corresponding  to  Tables  1  (Tl:fa  =0.28,  S=256pm2),  2  (T2:fa  =0.28,  S=64pm2)  and  3  (T3: 
fa=0.071,  S=64pm ')  (a)  for  post  height  20  pm  and  (b)  post  height  30  pm.  Note  that  the  CAs  were 

measured  from  azimuthal  angle  of  0  degree. 
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4.2. 1.3  CAs  from  other  Azimuthal  Angles 


It  is  noted  that  wetting  conditions  can  be  different  if  it  is  observed  from  various  directions  even 
for  the  same  patterned  surface,  see  Figure  4.  For  square  and  circle  post  arrays,  the  same  post  and 
plane  symmetries  can  be  seen  from  azimuthal  angles  0°  and  90°,  respectively;  different  post  and 
plane  symmetries  can  be  seen  from  azimuthal  angles  0°  and  45°  for  square;  the  same  post 
symmetry  but  different  plane  symmetry  can  be  seen  from  azimuthal  angles  0°  and  45°  for  circle 
post  arrays.  Accordingly,  CAs  are  measured  from  azimuthal  angles  0°  and  45°  for  square  and 
circle  post  arrays,  respectively.  For  triangle  post  arrays,  post  and  plane  conditions  become 
asymmetric  and  extremely  complex  from  azimuthal  angles  45°,  which  can  be  contusing  for 
investigation  of  microgeometrical  effect.  Though  post  and  plane  are  still  asymmetric  from 
azimuthal  angle  of  90°,  the  post  array  is  more  regular  than  that  from  45°.  Therefore,  CAs  are 
measured  from  90°  for  triangle  post  array. 

Table  5  shows  the  CA  results  measured  from  various  azimuthal  angles  for  microgeometries  of 
Table  1  (post  height  20  pm).  One  can  see  that  for  square  and  circle  post  arrays,  there  is  a  large 
increase  of  receding  CAs  when  the  azimuthal  angle  changes  from  0°  to  45°.  To  make  our 
explanation  easily  understandable,  schematic  illustrations  of  two  columns  of  square  post  arrays  as 
well  as  the  DCL  pinned  at  the  rear  post  edge  from  the  two  azimuthal  angles  are  shown  in  Figure 
14.  Similar  to  the  analysis  in  Section  4.2.1,  the  apparent  receding  CA  can  be  determined  by  the 
real  local  solid-liquid  contact  fraction  freat  which  is  related  to  fa,  fi  and  S  (Eq.  (6)  and  Eq.  (11)). 
For  square  post  arrays  observed  from  0°  and  45°,  they  have  the  same  f,  and  S.  However,  /;  at  the 
receding  DCL  from  azimuthal  angle  45°  will  be  smaller  than  that  from  azimuthal  angle  0°  (0.53); 
note  that  though  /)  from  azimuthal  angle  45°  is  difficult  to  be  quantified  due  to  the  lack  of 
knowledge  of  the  exact  position  for  receding  DCL,  it  can  be  estimated  to  have  a  value  smaller 
than  0.53  by  a  simple  geometrical  analysis.  As  a  result,  a  smaller  freal  and  a  larger  receding  CA 
can  be  obtained  for  azimuthal  angle  45°  than  that  for  0°.  In  addition,  the  local  advancing  CA  in 
the  solid-liquid  contact  part  (0sadv)  can  be  calculated  from  Eq.  (7)  based  on  the  experimental  data, 
see  Table  6.  One  can  see  that  (9s.adv  for  square  post  array  observed  from  45°  (6f  adv  =  166.0°)  is 
smaller  than  that  from  0°  (6s  a dv  =  168.1°),  due  to  the  smaller  column  spacing  observed  from  angle 
45°  (=0  pm)  than  that  from  0°  (=14  pm),  which  is  consistent  with  the  advancing  CA  analysis  in 
Section  4.2.1. 
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Table  6.  CA  Measurement  on  Patterned  Surfaces  from  Various  Azimuthal  angles  (For 
Microgeometries  of  Table  1,  Post  height=20jum);  note  that  SD  is  the  standard  deviation  for 

measurements. 
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Figure  14.  Schematic  top  views  of  two  square  post  columns  from  azimuthal  angles  (not  to  scale) 
(a)  0  degree  and  (b)  45  degree.  Note  that  the  shapes  of  contact  line  are  shown  when  the  DCLs 

reach  the  post  edges. 

Schematic  top  views  of  two  circle  post  columns  from  azimuthal  angles  0°  and  45°  have  been 
shown  in  Figure  15.  Receding  CA  is  much  larger  for  azimuthal  angle  45°  than  that  for  0°, 
attributing  to  the  decreased  f  eai  (similar  to  the  above  analysis  for  square  post  arrays);  note  that 
though  f real  from  both  azimuthal  angles  of  0°  and  45°  are  difficult  to  be  quantified  due  to  the  lack 
of  knowledge  of  the  exact  position  for  receding  DCL,  it  can  be  estimated  that  freal  from  the 
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azimuthal  angle  45°  is  smaller  than  that  from  0°  by  simple  geometrical  analysis,  see  Figure  15.  In 
addition,  #s  adv  for  circle  post  array  observed  from  45°  (6^adv  =  163.9°)  is  smaller  than  that  from  0° 
(<9sadv  =  169.0°),  due  to  the  smaller  column  spacing  observed  from  45°  (=3.21  pm)  than  that  from 
0°  (=12  pm). 


Figure  15.  Schematic  top  views  of  two  circle  post  columns  from  azimuthal  angles  (not  to  scale) 
(a)  0  degree  and  (b)  45  degree.  Note  that  the  shapes  of  contact  line  are  shown  when  the  drop 

DCLs  reach  the  post  edges. 

The  wetting  behaviour  becomes  more  complex  for  triangle  post  array  when  it  is  observed  from 
90°.  Since  the  drop  DCL  of  the  left  side  and  right  side  have  different  wetting  conditions  (Figure 
16),  the  advancing  and  receding  CAs  should  be  measured  separately  for  the  two  sides.  From 
Table  5,  it  is  noted  that  the  receding  CA  for  the  left  side  is  larger  than  that  for  the  right  side  when 
it  is  observed  from  90°.  This  happens  because  freai  (similar  to  the  above  analysis  for  square  post 
arrays)  at  the  receding  DCL  for  the  left  side  (L4)  is  smaller  than  that  for  the  right  side  (LI), 
implying  a  larger  6r  for  the  left  side  than  that  for  the  right  side;  note  that  though  freai  at  the  left  side 
is  difficult  to  be  quantified  due  to  the  lack  of  knowledge  of  the  exact  position  for  receding  DCL 
(L4),  it  can  be  estimated  to  have  a  value  smaller  than  that  on  the  right  side  by  simple  geometrical 
analysis.  For  the  advancing  CA,  because  the  assumption  of freai  at  the  receding  DCL  is  equal  to 
that  at  the  advancing  DCL  cannot  be  made  for  nonaxisymmetric  post  shape  (Y  axis),  0S  adv  cannot 
be  obtained  and  compared.  However,  freai  at  the  advancing  DCL  on  the  right  side  (L 3)  can  be 
estimated  to  have  a  value  much  smaller  than  that  on  the  left  side  (L6),  and  in  the  meantime,  a 
larger  apparent  advancing  CA  can  be  observed  on  the  right  side  ( 9a  =  175.4°)  than  that  on  the  left 
side  {6 a  =  172.6°),  indicating  a  less  important  role  of  0sMv  in  affecting  ft,,  in  this  case. 
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Figure  16.  Schematic  top  view  of  triangle  post  array  from  azimuthal  angle  of  90  degree.  LI,  L2 
and  L3  represent  the  DCL  at  the  right  side  of  the  drop;  L4,  L5  and  L6  represent  DCL  at  the  left 

side  of  the  drop. 
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5  Conclusions 


In  this  study,  patterned  surfaces  with  three  microgeometry  arrays  (square,  triangle  and  circle) 
have  been  obtained  by  micro/nanofabrication  techniques.  Wetting  behaviour  of  water  drops  on 
those  surfaces  has  been  systematically  investigated.  An  intermediate  wetting  state  between 
spreading  and  imbibition  has  been  observed  on  microstructured  hydrophilic  silicon  surfaces. 
After  surface  modification  by  C4F8  passivation,  water  drops  can  sit  on  top  of  the 
microgeometrical  posts  and  show  superhydrophobicity.  Several  important  effects  of 
microgeometries  on  the  wetting  behaviour  have  been  discussed,  i.e.,  length  scale  effect,  edge  and 
comer  pinning  effect,  geometrical  shape  effect,  direction-dependent  effect,  etc.  In  particular,  for 
the  micropattemed  surfaces  with  the  same  solid  area  fraction,  the  advancing  CA  is  found  to  have 
a  slight  decrease  with  the  reduction  of  the  length  scale,  due  to  the  oscillation  of  the  meniscus  near 
the  DCL;  the  receding  CA  is  found  to  have  a  value  between  the  CAs  calculated  by  solid  area 
fraction  and  solid  linear  fraction,  depending  on  the  microgeometrical  length  scale.  In  addition, 
CA  results  from  different  azimuthal  angles  reveal  that  wettability  has  a  strong  dependence  on  the 
orientation.  For  one  patterned  surface,  the  difference  of  edge/comer  pinning  effect  in  different 
directions  can  influence  the  receding  CAs  greatly.  Furthermore,  a  drop  can  even  exhibit  an 
anisotropic  wetting  property  from  one  azimuthal  angle,  depending  on  the  microgeometrical  shape, 
e.g.,  triangle  post  array.  By  designing  the  microgeometries  on  the  patterned  surfaces,  a  tunable 
wettability  or  a  controlled  drop  wetting  behaviour  can  be  achieved. 
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6  Future  Works 


More  study  is  needed  for  understanding  microgeometrical  effects  on  surface  wettability,  as  listed 
below: 

1.  Measurement  of  adhesion  force  needed  for  peeling  droplets  off  the  patterned  surfaces.  The 
adhesion  force  can  be  considered  as  one  of  the  criterion  for  the  evaluation  of  hydrophobicity  of 
the  surfaces.13  Such  force  can  be  measured  by  a  surface  tension  measurement  with  high 
sensitivity. 

2.  Investigation  of  edge  energy  related  to  the  pinning  effect  of  the  contact  line  at  the 
microgeometrical  edge.  This  is  important  to  the  stability  of  Cassie’s  state/composite  state.  For 
patterned  surfaces  designed  with  the  same  solid  area  fraction,  the  contact  line  density  P  (see 
Tables  1,  2  and  3),  i.e.,  the  length  of  the  asperity  perimeter  per  unit  area  that  could  potentially 
suspend  a  liquid  drop,73  are  distinct  for  different  length  scale  or  different  post  shape  array  surfaces 
(square,  triangle  and  circle  shape).  Thus,  different  edge  energy  can  be  generated  and  so  the 
stability  of  Cassie’s  state  can  strongly  depend  on  the  post  length  scale  and  the  post  shape. 

3.  Perhaps  3-D  simulation  for  the  contorted  drop  contact  line  by  Surface  Evolver. 
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Annex  A  Supplemental  Information  for  Chapter  1 


SI.  Feature  Size  measurement 

Feature  sizes  were  measured  by  Scanning  Electron  Microscope  (SEM)  and  White  Light  Confocal 
Microscopy  (LCM)  for  the  microgeometries  of  Tables  1,  2  and  3.  Note  that  there  are  two  cases  in 
experimental  process  for  each  needed  size,  i.e.,  one  is  set  to  be  a  value  the  same  to  the  ideal  size 
and  the  other  is  set  to  be  a  value  about  7%  larger  than  the  ideal  size  during  L-edit  design.  The 
results  show  that  the  latter  one  with  sizes  7%  larger  can  finally  get  results  approximate  to  the 
ideal  sizes  we  need  after  lithography  and  reactive  ion  etching.  Detail  information  is  given  in 
Table  Al-7  to  Al-15. 

Table  Al-7.  L-Edit  settings  and  experimental  results  for  square  post  arrays  of  microgeometrical 
parameters  corresponding  to  Table  1  (S=256,fa=0.28) 


Square 

a  /  pm 

2(=a+b)  l  pm 

Ideal  Sizes 

16 

30 

Case  1 

17 

30 

SEM 

16.08±0.09 

29.94 

LCM 

16.46±0.14 

30.01±0.09 

Case  2 

16 

30 

SEM 

15.12±0.17 

29.64 

LCM 

15.1 1±0.05 

30.03±0.10 

Table  Al-8.  L-Edit  settings  and  experimental  results  for  triangle  post  arrays  of  microgeometrical 
parameters  corresponding  to  Table  1  (S=256,fa=0.28) 


Triangle 

a  /  pm 

2(=a+b)  l  pm 

Ideal  Sizes 

24.3 

30 

Case  3 

26 

30 

SEM 

24.66±0.12 

28.24 

LCM 

24.49±0.10 

30.03±0.16 

Case  4 

24.3 

30 

SEM 

22.91±0.10 

30 

LCM 

23.02±0.14 

29.97±0.05 

DRDC  Atlantic  CR  2010-329 


35 


Table  Al-9.  L-Edit  settings  and  experimental  results  for  circle  post  arrays  of  microgeometrical 
parameters  corresponding  to  Table  1  (S=256,  fa=0.28) 


Circle 

a  /  pm 

2{=a+b)  /  |itn 

Ideal  Sizes 

18 

30 

Case  5 

19.2 

30 

SEM 

18.16 

29.23 

LCM 

18.51±0.15 

30.04±0.12 

Case  6 

18 

30 

SEM 

17.20±0.10 

28.79 

LCM 

17.79±0.06 

30.03±0.09 

Table  Al-10.  L-Edit  settings  and  experimental  results  for  square  post  arrays  of  microgeometrical 
parameters  corresponding  to  Table  2  (S=64,fa  =0.28) 


Square 

a  /  |i  m 

2(=a+b)  /  gm 

Ideal  Sizes 

8 

15 

Case  7 

8.5 

15 

SEM 

7.71±0.03 

14.22 

LCM 

7.9±0.13 

15.06 

Case  8 

8 

15 

SEM 

7.54±0.22 

14.24 

LCM 

7.94±0.06 

15.06±0.13 

Table  Al-11.  L-Edit  settings  and  experimental  results  for  triangle  post  arrays  of 
microgeometrical  parameters  corresponding  to  Table  2  (S=64,fa  =0.28) 


Triangle 

a  /  |i  m 

2(=a+b )  /  |im 

Ideal  Sizes 

12.2 

15 

Case  9 

13 

15 

SEM 

12.04±0.02 

14.32 

LCM 

1 1.98±0.05 

15.12±0.10 

Case  10 

12.2 

15 

SEM 

10.62±0.06 

13.97 

LCM 

10.41±0.05 

15.03±0.05 
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Table  Al-12.  L-Edit  settings  and  experimental  results  for  circle  post  arrays  of  microgeometrical 
parameters  corresponding  to  Table  2  (S=64,fa  =0.28) 


Circle 

a  /  qm 

2(=a+b )  /  qm 

Ideal  Sizes 

9 

15 

Case  1 1 

9.6 

15 

SEM 

8.56±0.08 

14.34 

LCM 

8.66±0.14 

15±0.05 

Case  12 

9 

15 

SEM 

7.97±0.14 

14.25 

LCM 

7.99±0.09 

15±0.05 

Table  Al-13.  L-Edit  settings  and  experimental  results  for  square  post  arrays  of  microgeometrical 
parameters  corresponding  to  Table  3  (S=64,fa  =0.071) 


Square 

a  /  qm 

).(=a+b)  /  qm 

Ideal  Sizes 

8 

30 

Case  16 

8 

30 

SEM 

6.97±0.17 

28.21 

LCM 

6.85±0.06 

30.07±0.07 

Case  13 

8.5 

30 

SEM 

7.62±0.25 

28.4 

LCM 

7.62±0.09 

30.09±0.05 

Table  Al-14.  L-Edit  settings  and  experimental  results  for  triangle  post  arrays  of 
microgeometrical  parameters  corresponding  to  Table  3  (S=64,fa  =0.071) 


Triangle 

a  /  qm 

2(=a+b)  /  qm 

Ideal  Sizes 

12.2 

30 

Case  17 

12.2 

30 

SEM 

10.47±0.06 

28.45 

LCM 

10.19 

30.21 

Case  14 

13 

30 

SEM 

12.02±0.1 1 

29.36 

LCM 

11.77±0.21 

29.86±0.07 
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Table  Al-15.  L-Edit  settings  and  experimental  results  for  circle  post  arrays  of  microgeometrical 
parameters  corresponding  to  Table  3  (S=64,fa  =0.071) 


Circle 

a  /  |i  m 

7{=a+b)  /  |im 

Ideal  Sizes 

9 

30 

Case  18 

9 

30 

SEM 

8.06±0.12 

28.25 

LCM 

7.76±0.07 

29.94±0.13 

Case  15 

9.6 

30 

SEM 

8.94±0.22 

29.32 

LCM 

8.2±0.06 

30.09±0.10 

S2.  CA  data  for  Figure  1-1  la  and  b 

Table  A2-16.  Variations  of  advancing  (6a),  receding  (Or)  CAs  and  contact  angle  hysteresis 
(CAH)  with  respect  to  pattern  types  and  geometrical  parameters  corresponding  to  Tables  1  (Tl: 
fa  =0.28,  S=256jum2),  2  (T2:fa=0.28,  S=64/um2)  and  3  (T3:fa=0.071,  S=64pm2) for  post  height 
20  pm.  SD  represents  the  standard  deviation  for  measurements. 


9a(°) 

SD-tfa 

0r{°) 

SD -Or 

CAH(°) 

SD- 

CAH 

/real  from 
Or 

Os,adv(° ) 

Tl -Square 

171.9 

1.19 

127.6 

1.79 

44.2 

2.15 

0.47 

168.1 

Tl -Triangle 

174.3 

1.08 

131.6 

3.81 

42.7 

3.96 

0.40 

mm 

Tl -Circle 

172.9 

1.62 

130.6 

1.95 

42.3 

2.53 

0.42 

wmm. 

T2-Square 

US 

136.0 

1.74 

34.1 

2.04 

0.34 

162.8 

T2-Triangle 

IB 

136.4 

2.89 

34.2 

4.17 

0.33 

163.6 

T2-Circle 

171.3 

3.16 

135.4 

2.87 

35.9 

4.27 

0.35 

165.1 

T3-Square 

174.3 

1.1 

147.0 

2.61 

27.3 

3.38 

0.19 

167.0 

T3  -Triangle 

172.6 

2.43 

144.4 

1.2 

28.2 

2.71 

0.22 

164.3 

T3 -Circle 

173.8 

2.19 

142.9 

3.06 

30.9 

3.76 

0.24 

167.5 
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Table  A2-1 7.  Variations  of  advancing  (6a),  receding  (Or)  CAs  and  contact  angle  hysteresis 
(CAH)  with  respect  to  pattern  types  and  geometrical  parameters  corresponding  to  Tables  l  (Tl: 
fa  =0.28,  S=256pm2),  2  (T2:  f'  =0.28,  S=64pm2)  and  3  (T3:  fa=0. 071,  S=64pm2)  for  post  height 
30  pm.  SD  represents  the  standard  deviation  for  measurements. 


0a(°) 

SD-0a 

0r{°) 

SD  -Or 

CAH(°) 

SD- 

CAH 

/real  from 
Or 

Os,adv(° ) 

Tl -Square 

173.4 

1.19 

128.1 

2.63 

45.3 

2.89 

0.46 

Tl -Triangle 

172.1 

130.9 

1.1 

41.2 

1.32 

0.42 

167.7 

Tl -Circle 

169.8 

1.83 

129.0 

0.86 

40.9 

2.47 

0.45 

164.7 

T2-Square 

1.23 

135.2 

1.12 

35.1 

1.67 

0.35 

163.5 

T2-Triangle 

166.8 

2.15 

33.8 

2.34 

0.38 

158.6 

T2-Circle 

169.4 

1.58 

135.6 

1.6 

33.9 

2.25 

0.34 

161.9 

T3 -Square 

174.0 

1.61 

148.0 

2.84 

26.1 

3.26 

0.18 

mm 

T3 -Triangle 

170.3 

2.55 

145.2 

1.2 

25.1 

2.81 

0.21 

mm 

T3 -Circle 

172.3 

1.25 

148.0 

2.97 

24.3 

3.22 

0.18 

161.9 
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List  of  symbols/abbreviations/acronyms/initialisms 


CA 
CAH 
DND 
DR  DC 
DRDKIM 


DCL 

fi 

fl 


fa 

fl, 


Y  la 


Ysa 

yis 

LCM 


R&D 

SEM 

SHS 

Or  and  Oa 

Os.rec  and  Os,adv 

Or 

Ow 


Contact  Angle 

Contact  Angle  Hysteresis 

Department  of  National  Defence 

Defence  Research  &  Development  Canada 

Director  Research  and  Development  Knowledge  and  Information 
Management 

Drop  contact  line 

fraction  of  the  solid-liquid  interface 
fraction  of  the  liquid-air  interface 
Solid-liquid  contact  area  fraction 

Local  contact  fraction  is  treated  as  a  local  linear  fraction  of  the  contact  line 

Real  local  solid-liquid  contact  fraction  in  the  region  of  DCL 

Interfacial  tension  at  liquid-air  interface 

Interfacial  tension  at  solid-air  interface 

Interfacial  tension  at  liquid-solid  interface 

White  Light  Confocal  Microscopy  (LCM) 

Roughness 

Research  &  Development 
Scanning  Electron  Microscope 
Superhydrophobic  surfaces 
Apparent  receding  and  advancing  CAs 

Local  receding  and  advancing  CAs  at  the  solid-liquid  contact  part 
Young  Contact  Angle 
Wenzel  Contact  Angle 
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